ABSTRACT In implementing the integrated pest management mango (Mangifera indica L.) program using weaver ants (Oecophylla smaragdina F.) as a major component in the Northern Territory of Australia, we received a number of questions from farmers and extension ofÞcers asking whether weaver ant marks reduce internal fruit quality and induce fruit rot, which is economically important. However, this issue has not been investigated. Soluble sugar content in fruits with and without weaver ant marks and observations on the storage of fruits with the ant marks were recorded in 2002 and 2003. The sugar contents were, in general, higher on the side of the fruit with a relatively large area of ant marks than on the side with a smaller area of ant marks, irrespective of whether fruits were exposed to the sun or not. The Þeld experiment showed that sugar content was generally higher in the treatment with weaver ants plus soft chemicals than in the insecticide treatment. For the storage of fruits bearing weaver ant marks, no signs of diffuse rot from any ant marks were observed, but fruit skin without the ant marks developed a considerable number of dark open lenticels, most of which developed to rot marks and patches. These results suggest that weaver ant marks are positively correlated with internal fruit quality, do not induce fruit rot and can be used as an indicator of better fruit quality and safety.
The weaver ant, Oecophylla smaragdina (F.) (Hymenoptera: Formicidae), is effective in controlling over 50 species of insect pests (e.g., sap-sucking bugs, beetles, caterpillars, thrips, and fruit ßies) on many tropical tree crops (e.g., cashew, citrus, cocoa, coconut, lychee, mango, and oil palm) and forest trees (e.g., African mahogany, eucalyptus, and hoop pine) (Way and Khoo 1992; Peng et al. 2004 Peng et al. , 2010 Peng and Christian 2005a; Van Mele 2008) . This ant is a tropical species, and it has been used for controlling various pest insects in Australia, China, Papua New Guinea, the Solomon Islands, Thailand, and Vietnam (Peng et al. 2004) . The weaver ant lives in leaf nests in the tree canopy, and it feeds on sugary liquids (e.g., extraßoral nectar and honeydew) and many kinds of arthropods by foraging on ßushing parts of trees. Mango is one of the best hosts for this ant (Peng et al. 1997) . In Australia, the weaver ant occurs naturally and abundantly in unsprayed mango orchards (Majer and CamerÐ Pesci 1991) , and it can be manipulated at its colony level to achieve efÞcient control of the main insect pests of mango (Peng and Christian 2005a) .
During the development of a mango (Mangifera indica L.) integrated pest management (IPM) program using the weaver ants as a key element in the Northern Territory of Australia, we noticed black marks on mango fruit skin that were not associated with any known pest damage or disease. The majority of the marks were a small round mark (1Ð3 mm in diameter), some were small oblong shaped, and a few were small irregular patches (Fig. 1) . These marks were easily seen in treatments with weaver ants, but not in insecticide treatments. Further investigation indicated that the marks were because of deposits of formic acid from weaver ants (Peng and Christian 2009) . Weaver ants are predators and they are aggressive toward any intruders that try to share food or space with them (Majer and CamerÐPesci 1991; Way and Khoo 1992; Peng and Christian 2005a,b) . During the fruit development period, mango fruits are attractive to weaver ants and other arthropods including insect pests. When the ants encounter intruders, apart from mealybugs and scales, they always try to catch them (Peng and Christian 2005a) . When the ants subdue big prey, they eject formic acid as a weapon from the tip of the abdomen toward the prey. Some formic acid drops miss targets and settle on the fruit skin. These drops initially become small pinkish marks on the fruit skin that later turn dark brown or black (Fig. 1; Peng and Christian 2009) .
Fighting between weaver ant colonies is the major cause of the ant marks, and isolation of the ant colonies is effective in reducing the number of fruits with ant marks (Peng and Christian 2009) . However, an aver-age of 2% of the fruit was still downgraded and this level of downgraded fruits was unavoidable because black marks on fruits are resulted from the ants that subdue big prey (Peng and Christian 2009) . In our economical analysis, the beneÞts of the ants as biocontrol agents against a range of pests outweighs the cost of this damage (Peng and Christian 2005b) . Therefore, we developed an IPM program using weaver ants as a major component in photo books, posters, and videos that were promoted by the Department of Primary Industry, Fisheries and Mines of Northern Territory (Peng and Christian 2005a) . In implementing the IPM program, we received a number of questions and inquiries addressing whether weaver ant marks reduce the internal quality of mango fruits and induce fruit rot. This issue is economically important, but it is not known in the literature. Therefore, we investigated the effect of the ant marks on the internal fruit quality and the inducement of fruit rot.
Materials and Methods
Impact of Ant Marks on Internal Fruit Quality. The study was conducted late in the harvest season in 2002 and 2003. We used soluble sugar content as an indicator of the internal fruit quality. The sugar contents were measured using a refractometer (0 Ð 40% Digital Refractometer, SR400). Soluble sugar content is expressed by brix%, which is calibrated to the number of grams of cane sugar contained in 100 g of cane sugar solution. Higher brix% values indicate sweeter fruits and higher fruit quality. All tested fruits were directly picked from mango trees (Kensington) when they were at the green mature stage. After picking, the fruits were immediately transported to a laboratory under a temperature of 25 Ϯ 1ЊC, and they were put in a single layer in carton trays that were placed on laboratory benches. Sugar analysis was not measured until the fruits were ripe (skin color changed from light green to yellow and Þrmness changed from hard to soft as determined by hand). Because of unknown reasons, a few fruits in each group (see below) were rotten at the time of sugar analysis, and these fruits were discarded. When measuring sugar contents, a fruit was held on the surface of a chopping board and two complete vertical cuts were made along the middle line between the fruit cleavage line and the fruit edge to divide the fruit into three portions; two side portions and one middle portion with a fruit stone. The middle portion was not used. A tablespoon was used to sample a spoonful of fruit ßesh in the center of the side portion, and then three drops of solution from the sampled ßesh were dropped into the measurement hole of the refractometer by squeezing the ßesh against another tablespoon. After each measurement, the spoons and the measurement hole of the refractometer were thoroughly rinsed with distilled water and dried with clean tissue.
Three groups of fruits were analyzed each year. Group 1 fruits were from trees without weaver ants (fruits having no ant marks) and without insecticide spray at Howard Springs farm (12Њ 28Ј S 131Њ 2Ј E). These fruits were considered to be a control against which we compared fruits from trees with weaver ants (fruits with the ant marks). Group 1 fruits were separated into two categories: category one fruits that were exposed to the sun, resulting in clear difference in fruit skin between the sunny side (light yellow) and shaded side (light green), and category two fruits that were not exposed to the sun, resulting in no difference in fruit skin between the two sides (uniformly light green). In total, 200 fruits were sampled from 40 trees (Þve fruits/tree) in 2002 and 80 fruits from 40 trees (two fruits/tree) in 2003.
Group 2 fruits were from trees with abundant weaver ants from four mango farms (Howard Springs farm (12Њ 28Ј S 131Њ 2Ј E), MalcolmÕs farm (12Њ 31Ј S 131Њ 8Ј E), PeterÕs farm (12Њ 30Ј S 131Њ 6Ј E) and DallasÕs farm (12Њ 34Ј S 131Њ 2Ј E). Each fruit sampled had various numbers of weaver ant marks on its skin, and the number of fruits picked varied among the farms depending on the availability of fruits bearing the ant marks. In 2002 and 2003, 25 and 56 fruits were obtained, respectively, from the Howard Springs farm, 30 and 25 fruits, respectively from MalcolmÕs farm, 30 and 29 fruits, respectively, from PeterÕs farm, and 40 and 35, respectively, from DallasÕs farm. All the fruits were separated into two categories: category one fruits that were exposed to the sun with clear difference in color on two sides, and category two fruits that were not exposed to the sun (no color difference between the two sides). Depending on the total area of ant marks on the sunny side, category one fruits were further separated into two types: type 1 fruits (the sunny side with a larger area of ant marks and the shaded side with a smaller area of ant marks (and type 2 fruits the sunny side with a smaller area of ant marks and the shaded side with a larger area of ant marks). No fruits with the same area of ant marks between the two sides of a fruit were found. Large areas of ant marks had between 80 and 800 mm 2 (mean Ϯ SE ϭ 299.7 mm 2 Ϯ 36.1) of ant marks, and small areas of ant marks had between 0 and 50 mm 2 (mean Ϯ SE ϭ 20.2 mm 2 Ϯ 3.3) of ant marks. Group 3 fruits were from a Þeld experiment at the Howard Springs farm. This experiment had three plots in 2002, and each plot had two treatments: trees protected by weaver ants plus soft chemicals and trees protected by chemical insecticides. Between any two treatments, a row of mango trees was used as a buffer zone. In the weaver ant treatment, there were 39, 34, and 31 trees in plots 1, 2, and 3, respectively. In the insecticide treatment, there were 40, 29, and 34 trees in plots 1, 2, and 3, respectively. In 2003, only two plots were used because of heavy pruning in one plot by the owner that resulted in a great reduction of the weaver ant populations in that plot. All the experimental trees received the same amount of fertilizer, micro nutrients, fungicide, and water during the experimental period. In the weaver ant treatment, the ants protect mealybugs and scales for their honeydew, and in turn, mealybugs and scales damage mango fruits. Hence, to reduce the level of fruit damage, white oil (2%) was applied in 2002 and potassium soap (1.5%) in 2003 when Ͼ5% fruits had Ͼ10 mealybugs or scales per fruit during the period of fruiting. These soft chemicals are not harmful to weaver ants (Peng and Christian 2005a) , and they are permitted for use in organic fruit production. In the insecticide treatment, Lepidex 500 (500 g/L Trichlorfon) at 0.1% vol:vol and/or Dimethoate (400 g/L Dimethoate) at 0.1% vol:vol plus 0.25% D.C. Tron spray oil were used when insect pests damaged 5Ð 8% of foliar or ßoral shoots or developing fruits (threshold levels used by local mango growers). We randomly sampled 50 fruits (two fruits per tree from opposite sides of the tree canopy) from each treatment in 2002 and 60 fruits from each treatment in 2003. Therefore, a total of 300 fruits from three plots were sampled in 2002, and 240 fruits from two plots in 2003.
Impact of Weaver Ant Marks on Fruit Rot. In total, 15 fruits were used, and they were picked on 27 November, 2002 from 15 trees with abundant weaver ants at Howard Springs. Each of the 15 fruits bore at least 16 ant marks and each ant mark was 4.9 mm 2 Ϯ 0.5 (mean Ϯ SE). After picking, these fruits were stored in carton trays in an air conditioned room at 25 Ϯ 1ЊC. An initial observation was done on the same day when the fruits were picked to record the number of ant marks on each fruit, the color of the ant marks, the color of fruit skin without ant marks, and the number of open lenticels (breathing pores on fruit skin). Two more observations at an interval of 5 d were made, and on each observation, we recorded the color changes of ant marks, color changes of skin without ant marks, the number of ant marks with signs of diffuse rot, the number of open lenticels, and the number of rot marks and patches. The experiment was terminated on 6 December 2011 because most of the fruits had collapsed because of patches of rot.
Data Analysis. Soluble sugar readings were normally distributed and showed variance homogeneity. Paired t-tests were used to compare the difference of sugar contents between two sides of a fruit for group 1 and group 2 fruits. For group 3 fruits, analysis of variance (ANOVA) was used to test for differences in sugar contents between plots, treatments, and the interactions. SYSTAT statistics software was used (Wilkinson 1996) .
Results

Impact of Ant Marks on Internal Fruit Quality.
Group 1 Fruits (Control Fruits) . Brix% readings in fruits that were exposed to the sun were 0.3 higher on the sunny side than on the shaded side in 2002, but in 2003, the readings were similar between the two sides (Table 1). Brix% readings from fruits that were not exposed to the sun in 2002 and 2003 were similar between the two sides (Table 1) .
Group 2 Fruits (With Ant Marks).
In 2002, for group 2 fruits that were exposed to the sun, brix% readings were 0.47, 0.36, and 0.42 higher on the shaded side with a large area of ant marks than on the sunny side with a small area of ant marks at the Howard Springs farm, MalcolmÕs farm, and PeterÕs farm, respectively (Table  2) . At DallasÕs farm, brix% readings were 0.12 higher on the shaded side with large areas of ant marks than on the sunny side with small areas of ant marks, but they were not statistically signiÞcant ( Table 2 ). Fruits that were not exposed to the sun were too few to be analyzed separately for each farm. Thus, data from the four farms were pooled. Mean brix% readings were signiÞcantly higher by 0.20 on the side with large areas of ant marks (17.45 Ϯ 0.03) than on the side with small areas of ant marks (17.25 Ϯ 0.29) (paired t-test; t ϭ 2.299; df ϭ 27; P ϭ 0.015). Fruits with a large area of ant marks on the sunny side were too few to analyze.
In 2003, mean brix% readings in fruits that were exposed to the sun were signiÞcantly higher by 0.46 on the shaded side with large areas of ant marks (15.71 Ϯ 0.28) than on the sunny side with small areas of ant marks (15.25 Ϯ 0.29) (paired-test; t ϭ 3.239; df ϭ 28; P ϭ 0.002) at Howard Springs. Fruits in this category from the other three sites were too few to analyze. For fruits that were not exposed to the sun, brix% readings Table 4 for group 3 fruits. ANOVA shows that soluble sugar contents were signiÞcantly different for plot and treatment, but not for the interaction between plot and treatment in 2002 (Table 5 ). Brix% readings in 2002 were 0.54 and 0.26 higher in the treatment with weaver ants plus soft chemicals than in the insecticide treatment in plot 1 and 2, respectively. In plot 3, brix% readings were similar between the two treatments (Table 4) . In 2003, ANOVA shows that sugar contents were signiÞcantly different for treatment, but not for plot (Table 5) . Brix% readings in 2003 were 1.36 higher in the treatment with weaver ants plus soft chemicals than in the insecticide treatment in plot 2, but in plot 1, brix% readings were similar between the two treatments (Table 4) . It is noted that the interaction between plot and treatment in 2003 was signiÞcant (Table 5) .
Impact of Ant Marks on Fruit Rot. At the time fruits were picked, ant marks were greyish, pinkish, brownish, or blackish. Five or 10 d later, the ant marks had become brownish or blackish (Table 6 ). By day 10 of fruit storage, there were no signs of diffuse rot from any ant marks (Table 6) .
Fruit skin without ant marks were light green and smooth, and no open lenticels on skin were recorded on the day fruits were picked (Table 6 ). Five days later, skin color had become light yellow or yellow with open lenticels and rot marks. An average of 9.0 dark open lenticels and 2.9 rot patches (rot areas being Ͻ300 mm 2 /patch) per fruit developed (Table 6 ). Ten days later, skin had turned to pink yellow or yellow with a number of rot marks and large rot patches. Each fruit averaged 25.9 rot marks because of open lenticels, and one large rot patch (area being Ͼ1,000 mm 2 / patch) (Table 6 ). No ant marks were found in the center of rot patches but a few ant marks were on the edge of rot patches because of the diffusion of the rot patches.
Discussion
Ant Marks and Internal Fruit Quality. Ant marks, in general, were correlated with higher soluble sugar contents of mango fruit. Sugar content in control fruits was either similar between two sides of a fruit or higher on the sunny side than on the shaded side (Table 1 ). Comparing to the results of control fruits, we can see that sugar content was higher on the side with large areas of ant marks than on the side with small areas of ant marks irrespective of whether fruits were exposed to the sun or not. This characterization applies to all four farms in 2 yr except for DallasÕs farm in 2002 that sugar content was similar between the two sides of fruit (Tables 2 and 3 ). In the Þeld experiment, soluble sugar content in 2 yr was generally higher in the treatment with weaver ants plus soft chemicals than in the insecticide treatment (Tables 4 and 5 ). These results suggest that weaver ant marks are positively associated with internal fruit quality.
Based on our observations, weaver ants produce two types of marks on mango fruits: ant marks as in Fig.  1 , which are visible and caused by the deposition of formic acid when the ants catch prey (Peng and Christian 2009) , and anal spots. The anal spots are produced by the ants as territorial pheromones and cues of interspeciÞc competition (Hö lldobler and Wilson 1978 , Offenberg et al. 2004 , Offenberg 2007 . The anal spot is not as visible as an ant mark, but it can be seen in reßection by holding fruit toward sunlight (R.P., unpublished data). The high sugar content in fruits from trees with weaver ants may be because of the joint effects of the two types of marks. Working with citrus and weaver ants in Vietnam, Barzman et al. (1996) found that mandarin fruits with weaver ants tended to be sweeter than the fruits without the ants based on evaluation by tasters. Further work is needed to investigate the biochemical association between ant marks and soluble sugar content. Impact of Ant Marks on Fruit Rot. Weaver ant marks did not induce fruit rot. We did not observe any association between ant marks and diffuse rot. In contrast, fruit skin without ant marks developed a considerable number of dark open lenticels (breathing pores on fruit skin), most of which led to rot marks or patches (Table 6 ). Dark open lenticels provide access for bacteria or fungi to get into fruit, resulting in rot marks causing deep, extensive decay (Bagshaw 1991) . When ant formic acid landed on fruit skin, it apparently sealed lenticels and turned them into brown or black marks, which stopped bacteria getting into fruit.
Mango fruits with weaver ant marks are not considered a problem in terms of the fruit price at local markets in Thailand and Vietnam, but in Australia, the ant marks are treated as disorders in packing sheds.
Fruits with Ͼ10 ant marks (3 mm in diameter per mark) are downgraded both for international and domestic markets. Following the results obtained in this study, we strongly suggest that weaver ant marks should be distinguished from disease marks or other disorders, and fruits with the ant marks should not be downgraded. Weaver ants are very susceptible to many kinds of commonly used insecticides, such as trichlorfon, dimethoate, carbaryl, etc., and fruits produced in orchards that use these insecticides will bear no ant marks. However, some proportion of fruits produced in orchards that use weaver ants and soft chemicals such as white oils, natural neem products, and potassium soap that are permitted in producing organic food, will bear ant marks. These fruits contain much lower insecticide residues than those protected by toxic insecticides. Thus, weaver ant marks on fruits can be used as an indicator of better fruit quality and safety. 
